Laser diffraction is commonly used in physiological research that explores single muscle fibers. Although variations in sarcomere morphological properties have often been observed, their effects on laser diffraction have not been studied in detail. In this study, we applied three-dimensional coupled wave theory to a physical sarcomere model to investigate the effects of inhomogeneous morphological profiles in muscle fibers. The simulation results were compared with several those of published experimental studies. Our results indicate that by incorporating various myofibril inhomogeneities such as skew and domain effect in the theoretical model, a variety of observations in single fiber diffraction under different experimental conditions can be reproduced in the simulation.
INTRODUCTION
Skeletal muscles contribute about 40% of human body weight and are important for many physiological functions. Whole muscle consists of many fascicles, or collections of muscle fibers (muscle cells), encapsulated in an elaborate connective tissue matrix. There are hundreds of small myofibrils within each single muscle fiber. The contraction of skeletal muscles is responsible for force generation and body movement. Muscle contraction is realized by the fundamental repetitive unit in myofibrils, the sarcomere [1] , via the interactions of the actin and myosin proteins during cross-bridge cycling. Under an optical microscope, a sarcomere appears as alternating light and dark bands, termed I-bands and A-bands, respectively. Because of such obvious striations, light diffraction has been widely applied to study sarcomere dynamics in single muscle fibers [2] [3] [4] [5] .
Classical diffraction theories have been applied to study the diffraction of light by muscle fibers [6] [7] [8] [9] . Although they provide good explanations for the relationship between sarcomere length and diffraction angles, most of these early theories fail to explain the effects of fiber thicknesses on diffraction efficiency. Huxley [10] was the first to model the sarcomere as a thick grating unit. He considered wave coupling and studied how constructive and destructive interference can change diffraction intensity across the fiber. However, his model was not capable of analyzing muscle fibers with different striation patterns. On the basis of the work of Huxley and Hanson's work [11] on refractive index modulation in sarcomeres, Thornhill et al. [12] described a much improved sarcomere model and applied the first-order coupled wave theory developed by Kogelnik [13] . Sidick et al. [14] further introduced rigorous coupled wave analysis for planar diffraction (2DCW) [15] to analyze light diffraction in muscle fibers for TE polarization. Their method was later extended to study the muscle birefringence effect [16] .
Despite multiple previous attempts to develop an accurate model to describe sarcomere diffraction, few studies have attempted to explain the many inconsistencies observed in the experimental results. For example, the efficiency of first-order diffraction was shown to increase with sarcomere length by Baskin et al. [3] . Others [2] have reported a curvilinear relationship. We hypothesized that such apparent inconsistencies can be explained if the inhomogeneous nature of the muscle fibers was taken into consideration. Most of the previous theoretical studies assumed that muscle fiber had a uniform and wellorganized myofibril arrangement featuring straight, skewed, or sinusoidal ripple striations [7, 12, [17] [18] [19] . On the other hand, microscopic studies have shown that morphological and optical parameters do not remain constant throughout a myofibril [20] [21] [22] [23] .
In general, a muscle fiber can be divided into small domains with relatively uniform myofibril properties. When illuminated by a wider light beam, the resulting diffraction is the sum of the various levels of diffraction from all the contributing domains [21, 22] . Different domains may have different morphological parameters. Sidick et al. [16] found that a random skew effect should be included to explain their birefringence experimental results. However, such inhomogeneous morphology effects have not been studied in detail using a theoretical framework.
In this study, we developed an improved sarcomere diffraction model by considering various myofibril inhomogeneities and the domain effect. The new model is consistent with other published data. We applied threedimensional coupled wave analysis for conical diffraction (3DCW) [24] to simulate the diffraction of light by muscle fibers. In contrast to the coupled wave analysis for planar diffraction (2DCW) [15] that was used in other studies, 3DCW is appropriate for any incidence angle on any incidence plane with either TE or TM polarization. Accordingly, 3DCW is more flexible and is a promising tool for analyses of light propagation in whole muscle [25] . The simulation results were quantitatively compared with previously reported experimental results on single muscle fibers. We found that a variety of experimental observations can be explained more accurately by the new model that considers inhomogeneous sarcomere morphologies.
METHODS
A. Three-Dimensional Rigorous Coupled Wave Analysis for Conical Diffraction (3DCW) Three-dimensional rigorous coupled wave analysis for conical diffraction was formulated by Moharam and Gaylord [24] to analyze planar and surface relief gratings mounted at an angle. Since then, it has been widely used to analyze diffractive structures [26, 27] . Following their derivation [24] , the incidence region is labeled I and the transmitted region is defined as III. As shown in Fig. 1 , k I is the vector of the wave that is obliquely incident on the grating at an incidence angle of ␣ and an azimuthal angle of ␦. The electrical fields in regions I and III can be expressed as
where E 0 is the incident electrical field; d is the fiber thickness; R i and T i are the electrical fields of the ith reflected and transmitted waves, respectively; and k Ii and k IIIi are the wave vectors in regions I and III, respectively.
In region II, the transverse electrical field E II and the magnetic field H II can be expressed in terms of the space harmonics S and U as
where ⑀ 0 and 0 are the free space permittivity and permeability, respectively, and i = k xi x + k y ŷ when the grating is perpendicular to the z axis [28] . The set of coupled wave equations of S and U can be derived by substituting Eqs. (3) and (4) into Maxwell's equations:
where ⑀͑x͒ is the permittivity distribution in the grating, and is the square of the refractive index profile: ⑀͑x͒ = n 2 ͑x͒. The distribution of permittivity in the grating ⑀͑x͒ is independent of ẑ because the grating is perpendicular to the z axis. The Fourier expansion of ⑀͑x͒ can be written as
where K is the grating vector K =2 / ⌳, and ⌳ is the grating period. The hth Fourier coefficient is given by
The derived coupled wave equation can be solved by applying the Floquet condition and continuous boundary conditions. Stable and efficient numerical algorithms for 3DCW have been previously developed by different groups [28] [29] [30] . The final diffraction efficiencies of each diffraction order for transmitted light (in region III) can be calculated as
where DE IIIi is the ith-order diffraction efficiency in region III; k z is the z component of k I ͑k z = k I cos ␣͒; and k zIIIi is the z component of the ith diffracted wave vector in region III. 3DCW can be used for either TE or TM polarized light; calculations from both polarizations can subsequently be averaged to predict results for unpolarized incident light.
B. Sarcomere Model and Parameters
A sarcomere has a well-organized structure with a periodic distribution of refractive indices based on the relative concentrations of two major proteins known as actin and myosin [1] . A sarcomere's striated appearance is mainly due to the alternating darker A-bands and lighter I-bands [ Fig. 2(a) ]. The segment of the A-band with only myosin proteins is called the H zone. The Z-line and M-line are located in the middle of the I-band and in the middle of the H zone, respectively. The sarcomere length is usually . These included the overlap region, the H zone, and the Z-line. We included the actual Z-line thickness in our study when calculating the Fourier coefficients of the refractive index distribution. We calculated the exact Fourier components [Eq. (8)] of these structures. Our calculations indicated that inclusion of the M-line has limited effect (Ͻ11% on diffraction efficiencies) on our results.
The majority of the reported experiments involving laser diffraction were conducted in frog semitendinosus muscles or rabbit psoas muscles. In most cases, the sarcomere length ⌳ varied between 2.0 and 4.0 m [2, 9] . In our simulation, all sarcomere parameters were chosen based on experimental measurements. From published data [31] [32] [33] [34] [35] [36] [37] [38] , the typical physiological ranges of several major sarcomere parameters are shown in Table 1 [12, 14, 16] .
The wavelength of the incident light was 633 nm. The refractive indices of each sarcomere unit were largely based on the results obtained by Huxley and Hanson [11] and by Thornhill et al. [12] . The refractive index mismatch between the I-band and the overlap A-band was ⌬n = 0.0074. The refractive index of the I-band was n I = 1.3800, and the refractive index of the overlap area in the A-band was calculated as n AO = n I + ⌬n = 1.3874. The refractive index of the H zone was n H = n I + ⌬n / 2 = 1.3837 [12] . The refractive index of the Z-line was estimated as
It should be noted that the refractive index mismatch ⌬n varies with the sarcomere length [16] consistent with experimental observations [31] . Similar to a previous study [39] , we assumed that ⌬n was proportional to the square of the sarcomere length. We selected an appropriate proportionality constant by equating a ⌬n of 0.0074 to a sarcomere length of 3.04 m. When the fiber is overstretched, the A-band and the I-band can be completely separated and the overlap region disappears. The refractive index of this region was assumed to be the mean refractive index of the sarcomere.
C. Morphological Variations in Myofibril Organization
In a completely straight skeletal muscle fiber [ Fig. 3(a) ], sarcomeres are perfectly aligned so that the Z-lines form a straight line that is perpendicular to the muscle surface. However, actual muscle fibers may possess one or more morphological variations such as skew, ripple, or slip as observed in electron micrographs [22] . As shown in Figs. 3(b)-3(e), these structural variations can be modeled in terms of misalignments of the Z-line among myofibrils. In other words, the phase of the Fourier coefficient in Eq. (8) Psoas 60-100 [38] is shifted by u͑z͒ for a specific myofibril located at z, where u͑z͒ is the distance between the center of a sarcomere and the z axis [12, 14] . In skewed muscle fibers [ Fig. 3(b) ], the displacement function u͑z͒ is a linear function of the depth z:
where ␣ skew is the slant angle. The u͑z͒ is positive or negative depending on whether the skew is toward the left or toward the right with respect to the z axis. For curved striations [ripple, Figs. 3(c) and 3(d), the u͑z͒ can be represented as a sinusoidal striation [12] :
where the ripple amplitude u ripple indicates the maximum displacement distance. ripple is the periodic distance of the ripple. As in previous studies, two special cases can be considered: the half-wave ripple [ ripple =2d, Fig. 3(c) ] and the full-wave ripple [ ripple = d, Fig. 3(d) ], where d is the fiber thickness. The slip of a myofibril [ Fig. 3(e) ] is a phenomenon in which u͑z͒ becomes a random variable [16] . For a normal random distribution,
where N͑0,␦ slip 2 ͒ is a normally distributed random variable with a zero mean and ␦ slip The misalignment of the Z-line in myofibrils can be modeled theoretically by modifying the Fourier coefficients for each myofibril. The 3DCW was applied to calculate the diffracted electric and magnetic fields in each myofibril. The fields generated by the previous myofibril acted as incident fields for the subsequent myofibril. The process was repeated until light was diffracted from the last myofibril.
D. Domain Effect and Variable Sarcomere Parameters
At different locations along a muscle fiber, the structural profiles of the myofibril might be different. It is reasonable to assume that a specific set of morphological parameters can be used for a small area of the muscle fiber (a small domain), while different parameters may be assigned to different areas. The domain effect can be affected by many sarcomere parameters, including skew, ripple, slip, sarcomere length, etc. However, in practice skew is the variable most often encountered in real samples, and it has a significant impact on diffraction efficiency. In almost all the reported experimental studies, at least a small shift from the theoretical Bragg peak location was observed. Bragg incident angle is defined by sin = m /2⌳, where m is the diffraction order. These observations suggest that skew is indeed a prevalent morphology that exists in muscle fibers. Electron microscopic studies [22] have shown that the skew angles can be as large as 20°. Accordingly, in this study we focused primarily on the skew-induced domain effect. The skew domain effect can be simulated by assigning a random slant angle ␣ i to each domain along a single myofibril:
where N͑␣ , ␣ v 2 ͒ is a normally distributed random variable with a mean slant angle ␣ and a variance of ␣ v 2 . The diffracted electrical and magnetic fields [Eqs. (1)-(6)] from each myofibril were calculated by integrating contributions from every individual domain. These total fields were then applied as incident fields to the next myofibril. The process was repeated until the light passing through the entire muscle fiber and the final diffraction efficiency could be calculated using Eq. (9).
RESULTS AND DISCUSSION
Most previous experimental studies that explored light diffraction in single muscle fibers can be classified into one of two categories. The first category is related to the Bragg diffraction phenomenon [5, 12, 21, 23, 40] . In such studies, diffraction efficiencies were measured as a function of incidence angles ( scan). In the second category, light diffraction efficiencies were measured at different sarcomere lengths [2, 3, 9, 41] by stretching the muscle fibers.
A. Diffraction Efficiencies as a Function of Incidence Angle ( Scan)
When incident light satisfies the Bragg condition, the diffracted light reaches the maximum or minimum diffraction efficiency depending on the thickness of the volumet- ric grating [26] . The open circles in Fig. 4(a) show experimental results by Thornhill et al. [12] obtained using a focused TE polarized beam ͑ϳ50 m͒ in a rabbit pasos muscle fiber. Diffraction peaks can be seen for three diffraction orders: −1, +1, and +3. No second-order diffraction was observed at the specific sarcomere length ͑3.04 m͒ used. The Bragg condition predicts that the first-order peak will be at 5.98°and the third-order peak will be at 18.2°. The measured angular difference between the +first-order and −first-order Bragg peaks was 10.96°, slightly less than the 11.96°predicted from the Bragg angle condition.
The default sarcomere parameters discussed in subsection 2.B were applied. It can be seen that the calculated first-and second-order diffraction efficiencies agree closely with the experimental results. However, the thirdorder peak is both narrower and higher than that of the experimental results. We studied the effects of different sarcomere parameters and myofibril morphologies in our simulation. We found that variations in W A had minimal impact on the calculated diffraction efficiencies. For example, changing W z from 0.05 to 0.10 increased the diffraction efficiency by 6% in all diffraction orders. On the other hand, reducing W A from 1.5 m to 1.3 m increased first-order diffraction efficiency by only 2%, but the third-order diffraction efficiency was reduced by 24%.
We found that the refractive indices of individual sarcomere segments had more significant effects. An increase in the refractive index difference between the overlap A-and I-bands from ⌬n = 0.0074 [12] to 0.0128 [31] caused a 124% increase in the first-order diffraction efficiency and a 77% increase in the third-order diffraction efficiency.
The skew effect shifts the -scan results from those obtained in straight fibers [5, 12, 21, 40] . As shown in Fig.  4(b) , a skew angle of 0.8°shifted the Bragg condition by ϳ1.1°. To study the effect of random slip, we introduced a small slip that was equal to 1% of the sarcomere length ␦ slip =1%⌳, which was also used by Sidick et al. [16] . Figure 4(c) shows that there is essentially no change in the first-order diffraction, whereas the diffraction efficiency of the third order decreases by 19.6%. Shifting effects were also observed when half-wave and full-wave ripples were applied [ Fig. 4(d) ]. In addition, a rippled muscle fiber changed diffraction efficiencies of all orders. In particular, the profiles of high diffraction orders were changed drastically. Following Thornhill et al. [12] , we incorporated a small ripple of 0.5 m amplitude. As illustrated in Fig.  4(d) , the small ripple significantly reduced the efficiency of the third-order diffraction and broadened its distribution.
The experimental data shown in Fig. 4 were obtained using an incident beam with a small illumination spot [12]. Within a small area, muscle fiber parameters are relatively uniform. Therefore multiple domain effects were unlikely to be significant [21] . When a larger incident beam with a 1 mm diameter was used, the scan showed obtained much wider distributions as observed by Rudel and Zite-Ferenczy [5] and Baskin et al. [40] . In Rudel and Zite-Ferenczy's study, a thick ͑150 m͒ frog (Rana esculenta) muscle fiber with a sarcomere length of 2.6 m was used (Fig. 5) . The FWHMs of their -scan peaks were more than 10°, much larger than the Ͻ3°data shown in Fig. 4 . Due to domain effects, a different part of the illuminated fiber may have different myofibril profiles. Skew plays a dominant role in broadening the -scan profile.
The summation of contributions from different domains significantly broadens the angular distribution because the skew effect shifts the -scan profile.
In Fig. 5 , we applied a domain effect using a Gaussian distributed skew angle [Eq. (12) ] with a variance of ␣ v = 5.9°. The refractive index outside the muscle fiber was set to 1.377 (experimental mean refractive index of the fiber) in the calculation. To allow a quantitative comparison, the relative display scales among the first-, second-, and third-order diffractions were identical for both the simulation and the experiment. The simulated FWHMs were 13.2°, 8.8°, and 9.7°for the first-, second-, and thirdorder diffractions, respectively, while the corresponding experimental results were 12.7°, 12.0°and 8.7°. This result confirmed our hypothesis that the muscle domain effect can significantly broaden the -scan profiles.
B. Diffraction Efficiencies as a Function of Sarcomere Length
Theoretical diffraction studies [10, 12, 14, 16] have suggested that oscillations exist at all diffraction orders when expressing diffraction efficiencies as a function of sarcomere length. This has been attributed to the effects of constructive and destructive interference. On the other hand, such effects have not been observed in experimental studies [2, 3] . In addition, although it is known that the diffraction efficiency has a great dependence on sarcomere length [3] , the experimental results obtained in frog semitendinosus muscles showed inconsistent trends. For example, in an early investigation, Buchthal and Knappeis [41] observed an increase in first-order diffraction with sarcomere length. Paolini et al. [2] reported that firstorder diffraction had a curvilinear relationship with sarcomere length and a peak diffraction that appeared at Ϸ2.8-3.0 m. In contrast, Baskin et al. [3] reported that first-order diffraction increased with sarcomere length and reached a plateau at Ϸ3.8 m. Kawai and Kuntz [9] also reported that first order diffraction increased with sarcomere length but at a much slower rate than Baskin's results [3] indicated. In [3] , the signal increased 10 times when sarcomere length increased from 2.4 m to 4.0 m, while [9] showed that the signal barely increased by a factor of 2 over the same range of sarcomere lengths.
We found that a variety of experiments under different test conditions yield results that can be explained by including a proper degree of skew and/or domain effects in the model. A summation of the diffractions from small segments with different skews eliminated the aforementioned oscillations as shown in Fig. 6 , because a skew shifted the Bragg locations (Fig. 4) . In addition, a different degree of domain effect altered the smoothing effect and therefore produced a different trend, as shown in Fig. 6 . Figure 6 (a) shows that the curvilinear profile reported by Paolini et al. [2] can be obtained both in thin straight fibers and in skewed thicker fibers. The results of Baskin et al. [3] shown in Fig. 6 ith ␣ = 0.75°. Since fiber samples were stretched during experiments to achieve longer sarcomere lengths, it was likely that the inhomogeneity increased with sarcomere length.
In Kawai and Kuntz's experiment [9] , a larger incident beam size ͑2.0 mm͒ was used, which potentially resulted in a more significant domain effect. Therefore we introduced a broader distribution of the skew domain effect (␣ v = 10°, ␣ = 4.5°) in the simulation. As shown in Fig.  6(c) , despite small discrepancies at shorter sarcomere lengths, the simulated trend was in good agreement with the experimental results.
Instead of providing absolute diffraction intensity, Fujime and Yoshino [6] calculated the intensity ratio between the second-and third-order diffractions at various sarcomere lengths. In straight fibers, this ratio has very large fluctuations due to the oscillations in each individual diffraction order. Thus the result cannot describe the observed experimental data shown in Fig. 6(d) . However, by considering a smaller domain effect [␣ v = ͑0.5ϫ⌳͒°, ␣ = 1.0°], the simulated results provided a good match with the experimental results.
CONCLUSION
We simulated laser diffraction in muscle fibers by applying the 3DCW algorithm to a theoretical sarcomere model. Actual muscle fibers are not perfectly uniform grating structures. Multiple irregularities may affect laser diffraction efficiency. By incorporating different irregularities in the model, a variety of experimental observations under different conditions can be explained.
The sarcomere parameters used in this study were all within normal physiological ranges as recorded in previous experiments. In some cases, the simulated results do not perfectly match experimental observations. This might be due to the fact that only the skew domain effect was considered in the simulation, while many other sarcomere parameters could have inhomogeneous distributions in the muscle fiber. In addition, the cylindrical nature of the muscle fibers is not considered in the model and its potential impact needs further study. Our results indicate that physiological inhomogeneities, as modeled with the domain effect, play a significant role in determining final diffraction efficiencies. With appropriate consideration of such inhomogeneous morphological properties in a physical sarcomere model, the 3DCW theory provides results that are consistent with experimental results of laser diffraction in single muscle fibers.
